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Summary 

The following note, prepared for the National Advisory 
Committee for Aeronautics, contains several remarks on the 
possible improvement of the experimental determination of the 
aerodynamic properties of wing sections. It shows how errors 
of observation can subsequently be partially eliminated, and 
how the computation of the maxima or minima of aerodynamic 
characteristics can be much in^troved. 

Special attention is given to the use of indices for clas- 
sifying the aerodynamic properties of wing sections. The mer- 

4 

its and disadvantages of such indices now in use are discussed, 
and a method for the determination of a new kind of indices 
is "given. 

Introduction 

The practical value of a wing section depends on the suit- 
ability of its shape for structural dfesign. and on its aerody- 
namic properties. These latter have reference to the aerody- 
namic stability of the section, that is chiefly the location 
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and the travel of its center of pressure, and to the perform- 
ance, or otherwise expressed, to the magnitiide of the lift and 
the drag at various angles of attack. 

This note deals chiefly with the aerodynamic properties 
of wing sections having reference to the performance only, 
and heno© refers to an incomplete and very specialized portion" 
of the whole question. Nevertheless, it aims at a broader 
point of view than do most papers written previously on this 
sub J ect . 

It is not always sufficiently realized that the aerody- 
namic properties of a wing are influenced by many considera- 
tions besides the wing section. I will at once dismiss the 
case where there are so many different cross- sect ions at dif- 
ferent points that the wing cannot be said to have "one" wing 
section. Such wings are rare and of no practical interest 
at present. But even if the wing section does not vary much 
along the span, the performance also depends on other dimen- 
sions of the wing. The importance of the aspect ratio has 
become widely known. The shape of the plan form, more espec- 
ially of the wing tips, may have an important influence on 
the maximum lift obtainable under certain conditions. There 
is, furthermore, the washout of the wings, also with a marked 
influence on the lift and drag. The most pronounced changes 
of the performance characteristics occur when several airfoils 
with a certain wing section are put together to form a biplane 
or triplane cellule. It then requires much experience to draw 
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reliable conclusions 'from tlie aerodynamic properties of the 
monoplane as to those of the imiltiplane with the same wing sec- 
tion, and there always remains some uncertainty about it. 

Our knoT»'ledge about aerodynamic properties of wing sec- 
tions is still largely based on experience and on experiments; 
the progress of the theory relating to this subject refers 
chiefly to the interpretation of the results from such tests 
and to their correct application to practical problems. The 
experimental methods involve an additional source of uncertain- 
ties about the actual properties of wing sections. The tests 
are mostly made with small models, and although mach has been 
written, comparatively little is known about the "scale effect." 

There sometimes arises the question whether, under these 
circiimstances, the aerodynamic investigations of wing sections 
per se is of any practical value at all. The discussi9n has 
made it clear that no information regarding the aerodynamic 
properties of wing sections can be conqplete; what we know about 
wings is not strictly an exact science. Has then this incomr- 
plete information a parallel in other branches of technics, 
or otherwise expressed, is the uncertainty involved in the 
general information about the aerodynamic properties of wing 
sections detrimental to its practical use, or not? In ray 
opinion it is not. On the contrary, the information, imper- 
fect as it necessarily is, is still of the highest practical 
use, and most other physical data used in other branches of 
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teolinics are as imperfect and are still highly useful. Most 
other technical branches are older and the present generation 
has forgotten the iiroerf ectness of the methods used. They 
are employed without scruples, because the methods have been 
proven satisfactory by their results. Aeronautics is still a 
very young branch of technics, and not even its fundamental 
conceptions have become generally known. What wonder, if 
there is a superabundance of talk about little difficulties, 
which will have been forgotten once the methods have been 
put into extensive use. 

Limiting the investigation of a wing section to one con- 
dition only constitutes an enormous simplification, and this 
one condition is a substitute for a thousand or more condi- 
tions of practical importance, not investigated for want of 
time. In the same vra-y, any table of aerodynamic ^oharact eristic 
of a wing section or any curve plotted as illustration of such 
table is the representative of a hundred or a thousand similar 
ones, omitted for want of time to prepare them and to study 
them. 

When, realising this, many a reader may more patiently 
take in view every portion of such a table or of such a curve. 
A whole table or an entire curve is not easily grasped, but 
then one curve for a wing section stands for a thousand of 
its kind, and it required great pains to arrive at so sinrple 
a description of the aerodynamic properties of a wing section, 
requiring the contemplation of one single curve only. This 
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is really scant inforiaation. If a long and careful investiga- 
tion has led to a new wing section of particularly promising 
properties, it is to he recommended that such a section be in- 
vestigated under different conditions. It means over-doing 
research work to measure each wing section under more than 
one condition, but it is entirely legitimate, practical and 
sound to devote a large series of tests to the investigation 
of the aerodynamic properties of special wing sections v/hich 
seem to be particularly promising and of practical in^ortance. 

The Determination of the Aerodynamic Properties*. 

Aside from the limitation to one test, under one sot of 
standard conditions only, the investigation of a wing section 
has to face the iii53erfections of the wind tunnel methods, 
(a) The walls or boundaries of the air flow interfere v;ith 
the creation of the flow pattern; (b) The air flow is never 
entirely parallel and of constant speed; it contains irregular- 
ities which may not even remain unchanged during loi^ inter- 
vals of time, (c) The fastenings, connecting the model with 
tho balance or balances, interfere likewise with the creation 
of the undisturbed flow pattern. These iinperf ections are not 
serious in themselves, but prevent the conditions from ap- 
proaching the standard conditions, represented by a rectangu- 
lar iinwarped wing of aspect ratio 1 : 6 in an unobstructed 
and \mliiaited aix flow of uniform velocity. The obstructions 
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are different in different wind tunnels or even with different 
tests in the same wind tunnel and therefore make direct goeit- 
parisons of the results unsuitable- However, every airplane 
wing is surrounded by struts, by the fuselage and by other 
structural parts and a fastened wiiig nuch better imitates 
the actual conditions than would an airfoil being held in 
place without any fastening members. Little differences of 
the flow structure likewise impair the standard conditions, 
but neither is the motion of an airplane quite steady, nor is 
the atmosphere free from gusts and other motions. The wall 
interferences are not serious and are uniform for different 
tests. 

Wind tunnel- work is further difficult on accoxint of par- 
ticularities pertaining to the information desired. The aero- 
djmamic properties are not always steady functions of the con- 
ditions, more specially of the angle of attack. They are 
sometimes even ambiguous; the drag, for instance, may have 
more than one value \inder the same sot of conditions. The 
plotted curves show accordingly sudden breaks or even gaps, 
and in the latter cases several branches of the curves may 
overlap each other. When such properties of a wing section 
become evident from a test, they should be noted and taken 
down as such. The wing section is then found to have irregu- 
lar aerodynamic characteristics under the condition tested, 
and very probably also under similar conditions. Under such 
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similar conditions, however,- the details of the irregularities 
may differ widely, the break shifts to another angle, or the 
gap becomes smaller or larger. When such irregularities are 
observed, the investigator should remanber that he makes one 
measurement to take the place of a hundred or of a thousand 
measurements, as discussed above. He is only interested in 
those properties common to all practical conditions, not in 
those alone for the one set of conditions selected as a char- 
acteristic one. It seems to me to be a waste of time to study 
systematically and with each new wing section any details of 
the irregularity which may never occur in the same quantita- 
tive way in actual flight. The investigator should keep his 
thoughts under control as is done in statistics, and he 
should learn to separate the facts merely observed in one 
case from those characteristics of the section in g^eral- 
This requires skillfulness, but then the engineer is not a 
mere mathematician, but an artist as well, and "art" meant 
originally "skill." 

In most cases, and over considerable portions of the 
range tested, the aerodynamic properties of wing sections are. 
steady. The immediate object is then their determination for 
the conditions tested as acctirately as can be done* The in- 
vestigators should take unusual pains in making the latter 
determination as accurate as possible in order to make up 
partly at least for the imperfections of the method. Strange 
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to say, instead of doing that, the inaccuracies involved in the 
method lead the investigators often into the temptation to be 
careless in the exact measurement of the air forces. It can 
also often be observed that wind tunnel engineers invent their 
instruments and methods, instead of designing them as engi- 
neers do by making use of experiences in other lines of research. 

Oonspiouous examples are the balances used in wind tunnels. 
As a rule, they are different in each wind tunnel, and what is 
more surprising, the construction details are different too, 
and even different on the same balance. Now the construction 
of balances is as old as the oldest civilization. Modern bal- 
ances -have been developed so that they are more exact than 
most other instruments, and to capacities largely surpassing 
those needed in wind tunnels. A medium priced chemical bal- 
ance measures up to 100 g say, to an exactness of 1/ 10000 of 
a gram, that is, up to l/lOOOOOO of its capacity. Other bal- 
ances allow weighing loaded railroad cars. The same relative 
exactness for weighing air forces in a wind tuimel would re- 
quire talcing readings exact to l/lO of a gram, as an avercge. 
This .is often neglected. Some wind tunnel balances, measur- 
ing only a few kilograms, have an error of a full gram or 
more. It is true that the' combination of several balances in- 
troduces certain errors, but still the balances should be sen- 
sitive enough so that any error arising from the weighing as 
Buch "be entirely negligible. 
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It is known that experimental errors can be partly elim- 
inated by first increasing the number of observations and by 
subsequently judiciously smoothing out and averaging up the ■ 
results. The procedure consists in the end in eliminating 
by the use of the calculus of probability, errors that arc dis- 
tributed according to mere probability. It is not necessary 
for the present purpose to go into anything like full detail. 
It has chiefly to be emphasized that only those portions of 
readings that are steady, when there are no breaks or gaps in 
the curves, can be tr-eated in the way now described. The pro- 
cedure is largely simplified if one variable is changed by 
equal steps. Large modern tunnels give results which are 
worthy of increasing the original exactness by such statistie- 
al methods. The variable density wind tunnel of the National 
Advisory Oommittee for Aeronautics, for instance, is free 
from scale effect, and the theory of wing sections has been 
brought to such perfection that the general character of the 
results can bo anticipated. The exact details are the object 
of the tests. For these reasons, I would recommend to measure 
the air forces at equal intervals of the angle of attack and 
at smaller ones than has hitherto been done. The interval 
could be 2°, 1^° or 1°, and the last interval seems by no 
means too small. 

Suppose now the drag to be regular, and at certain angles, 
ttj^, (Xg, oi^ ••• oc^ with constant intervals ~ ~ 
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let the drc^ measured "be Di, Ds, etc. 

It is required to determine a value D^' , corresponding 
to an angle ct^, .from all values 'D, in such a way that this 
value is improved and is probably moro exact than the original 

There are very many rules for the solution of this problem. 
Practically all of them are of the type 

^x' = Dx + ai(Dx_i + Dx^s) + ... (D 

are 

where tho ate/positive and subject to the condition 

ao + 2 (ai + ag ■ aj^) = 1 ■ 

This latter condition is necessary to obtain B-m' = Dm from 
(1) in case that all D's are equal. 

Mr. Ugo Broggi (Reference 1) has recently proposed to use 
the convenient formula 

°-x' = jrrr + t ^^x-i + Dx+i) + (Dx-s + Dx+s) + ...] 

(2) 

Tihich is a special case of equation (l). 

In this equation, the number of terms used and the value 
of e, (e > l) have to be determined from general considera- 
tions. I would think it sufficient to consider n = 3 , that 
is, the value of the drag at six adjacent points. The choice 
of € depends on the relative importance of the improvement 
to the original value. I would think that 7/8 of the observed 
value should be accepted for the drag and l/8 left for correc- 



N.A^C'A. Technical IJote Ho. 237 



13 



tion, making e = 15. 

The formula would tlisn read 

+ ('°x-3 + Dx+a)] (3) 

The relation between th.e lift and the angle of attack is nearer 
to a linear one, and c = 7 may be more proper for the lift 
or moment. Then 

Lx I + i CLx_.a + J + ^ ( + Lx+s) + 

The method can further be improved by first separating 
the profile drag coefficient from the observed drag coeffici- 
ent by deducting the induced drag coefficient 

Ot^ (aspect' ratio) 
Ojj^ = --i — ; , i.e,, 

Q a ' , 

On. = — ^ for aspect ratip - l/S ' 

Such deduction leaves a more constant drag, making it easier 
to smooth out tne errors. Moreover, the study of the profile 
drag coefficient is tlie aim of most investigators. 

Formula- (2) or (3) can and should likewise be enqployed 
for increasing the exactness of characteristics other than the 
drag, such as the lift and the resultant moment, provided that 
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tlae observed values ohaiige uniformly. 

Classifying the Aerodynamic Properties of Wing Sections 

I have tried to explain in the introduction that one stand- 
ard test with a wing section is really the representative of 
many hundred tests and that; likewise the results stand for many 
hundred sets of such results. It is customary to illustrate 
the results by plots, arid it has become prevalent in most 
countries to plot coefficients of the air forces rather than ■ 
the forces themselves, more particularly to plot the lift 
coefficient against the drag coefficiGnt. The curve thus ob- 
tained is called a polar curve or lift curve. The magnitude 
of the angle of attack is usually inserted at several points 
of the curve by writing in its magnitude, not by plotting it. 
That saves inserting a second curve, which would make the dia- 
gram Ices clear and lose impressive to the eye and mind. The 
parabola of the induced drag is usually drawn in. This parab- 
ola runs close to the polar curve and hence assists in inpres- 
sing to the eye of the observer the latter' s exact shape and 
location. 

Although in publications the lift is usually not plotted 
against the angle of attack, it is recommended that the inves- 
tigator make such a plot for his own benefit, and get better 
acquainted with the relation between the lift and the angle of 
attack. 
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The polar ciirve constitutes a kind of suiiraary or average 
of a vast nxamber of data condensed into one iinpressive curvej 
and its development required inany years. And yet experience 
shows that this simplifioation has not yet "been carried faj 
enough. There is a demand for sonething more condensed, more 
impressive a,nd more easy to memorize than any curve can "be. 
This can only be a figure or a set of figures. Accordingly, 
and chiefly in this country, there are many different quanti- 
ties proposed for characterizing polar curves. Not satisfied 
that a thousand curves are condensed into one curve, the public 
wants this one curve, and by it all the aerodynamic merits of 
a v/ing section, to be indicated by one or a few figures. 

It is loiown that of two wing sections, one may be superior 
to the other for a certain type of airplanes and the other sec- 
tion may be superior to the first one for another type. Hence, 
it cannot be said renexally that one of the two sections is 
superior to the other one. This excludes the possibility of 
arranging all wing seciicns according to their merit, and of 
finding index numbers for wing sections indicating by their 
magnitude the relative merits of the wing section. 

Hence any index figures, however found, can only formally 
classify the aerodynamic properties of wing sections. This 
classification can be done in many ways and accordingly very 
many dii'icrent kinds of classifying index figures have been 
proposed and have bfeen used in the past. They again can be 
arranged in several classes. It can be said of all of them. 
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that they give quick, although somewhat euperficial information 
about the aerodynamic properties of wing sections, and about 
small differences between such properties. In that respect 
they save tiiae. They also save thought, but thinking should 
not be saved. There is always the danger that the classifica- 
tion indices are mistaken for an index of the merit of the 
wing section. This disadvantage can bo largely diminiahed by 
using several kinds of classification indices at the same time. 
Let us take a glance at the several kinds of indices devised. 

The Different Kinds of Classifying Indices 

A great number of classifying indices used in the past 
are the maxima or the minima of some aerodynamic coefficient. 

Before proceeding to them, it is pertinent to make some 
remarks on the determination of such a maximum or minimum 
quantity of a function rhich has been measured at certain in- 
tervals only. The. iriwe:'valB may be equal. Suppose the meas- 
ured quantity y to bs plotted against the variable (as for 
instance, the angle of attack) that was varied when measuring 
y. Suppose further, the points so obtained to be connected 
by a curve -representing the value of y at each point x. 
Then there are two main reasons why the largest value of y 
measured is not the maximum of y in the interval investi- 
gated: (1) All measxirements contain errors of observation; 
and (2) the maximum is probably situated between two points 
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X at whicli y was measured, and hence the maxiimim is larger 
(and the rninlimim is smaller) than the largest or smallest 
value of y measured. 

To determine the maximum (or minimum) it will he suffici- 
ent to take into account the point x where the largest 
(smallest) value of y has heen measured, together with the 
two adjacent points. For those three points, the observation 
errors should be diminished by means of a formla of the type 
^f equation (l), say by the use of equation (3) or (4). In 
this way, three improved values y^^, yg , and at the points 
Xj^, Xg, and Xg, are obtained. It is supposed at present that 
Xg - Xj = Xg - Xg and that yg , is larger (or smaller) than 
y^^ and yg. 

An improved value for the maximum of y can now be de- 
termined by replacing the y curve in the interval x,^ - Xg 
by a parabola, having the same ordinfettes at x,^, Xg , and Xg 
as the original y curve. The equation of this parabola 
would be 

7=72+ - J- (x-x ) f ^ . " ss (5) 

as can easily be verified by inserting in turn x = x^r* 
X = Xg, X = Xg, and by making use of the relations 
Xg - Xi = "2 (xg - Xi) = 2 (xg - Xg). The position of the max- 
imum will be found by differentiating equation (5) with re^ 
spect to (x - Xg) 
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d y 



= 0 = . 4 V-^^^-^ (X - x,) (6) 



d (X - Xs) Xg - Xi (Xg - Xi) 



or 



X - Xs = 



j. (73 - yg) (xg - xj^- _ _ i (ys-y^) (^-x^) 

i Xg - Xi) (y, +73-373) 4 (7^ + ya - 27s) 

(7) 

Inserting (7) in (5) gives the maximum (or minimum) 



>max s 4 + _ 2y^ 8 7, + 73 - 27^ 



= 73-- 



1 (73 - 7,) 



3 



3-^5^ (8) 



8 7i - 273 + Vi 



3 



Formula (8) for the maximum or minimum contains the largest 
(or smallest) y ohserved, and in addition, the two adjacent 
values of y. 

The maxima or minima used for classifying the aerodynamic 
properties of wing sections are (l) the maxiraam lift coeffic- 
ient, (2) the maximiim l/D ratio for the aspect ratio i:6, 

(3) the mtaimum drag coefficient for the aspect ratio i:6, 

(4) the ratio maximum lift coefficient f^-^ ^i^g aspect ratio 

minimum drag coefficient 

1:6. 

There are, furthermore, in use the raaximam or minimam of 
more general combinations of the lift coefficient and of the " 
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drag coefficient, in the. form 



more specially 




and similar ones. 

I consider as equally eligible for use the same expres- 
sions derived for infinite aspect ratio, that is, the same 
expressions in which the drag coefficients Op derived from 
a standard test has heen replaced by the coefficient of pro- 
file drag 

Oif aspect ratio 

The aspect ratio 6 is nearer to the actual aspect ratio but 
classifying the sections for this aspect ratio 1 : 6 in- 
volves the danger that the designer does not give full atten- 
tion to the aspect ratio, but uses the classifying indices 
directly rather than the coefficients referring to the actual 
aspect ratio of his- wings. The drag coefficients for infinite 
aspect ratio are also much less variable than those for the 
aspect ratio 1:6, and the induced drag being eliminated, 
they give much clearer information about the effect of the 
wing section alone. 
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It nust, however, be said in favor of the aspect ratio 
1 : 6, that the results are directly obtained for this aspect 
ratio, that many designers are accustomed to figures with 
1 : 6 and that there is a large amount of literature about 
wings of 1 : 6 ratio. 

There is another point that should be considered before 
deciding on the use of certain coefficients for practice, and 
before selecting their maximum or minimum as a classification. 
The drag of the entire airplane is approximately the sum of 
the wins dsag and of the parasite drag of the remaining parts 
of the airplane. Hence a coefficient like L/D, for instance, 
for the wings is not equal to the same coefficient for the 
airplane, since D is the drag of the wings and not the drag 
of the airplane- Now, it is comparatively easy to compute 
the coefficient for the airplane from the coefficient of the 
wings in the special case that the drag is contained as a di- 
rect factor in the coefficient, for instance, D/L, not L/D. 
For then 

D/L (airplane) = D/l (wings) + f-^J^g^-' 
This is the reason why the use of 

is more convenient than the use of 
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The consideration, of this point is important when making the 
decision ahout which classification indices should be used, if 
any. 

The maximum lift coefficient is of particular practical 
importance and its use as a classifying index would easily 
suggest itself. There is, however, this difficulty, that its 
magnitude is much affected "by secondary conditions, and by 
the imperfections of the wind txinnel methods. Many wing sec- 
tions, furthermore, ha.ve no maximum of the lift coefficient 
within the flying range of the angle of attack. If, in view 
of its great practical importance, the maximam lift coeffici- 
ent or esqsressions derived therefrom would be used as classi- 
fying index, the method of determining should be improved by 
varying the condition under which it is determined, and on 
the other hand, by specifying more closely what shall be un- 
derstood under "maximam lift coefficient." 

The point just discussed is of great in5)ortance for the 
discussion of the second class of classifying indices, now in 
'use. Kot the maxima or minima of the coefficients mentioned 
before, but their values at certain fractions of the maximum 
lift coefficient are used. That is sound in itself, but it 
requires the exact knowledge of the maximum lift coefficient, 
and this knowledge" is generally lacking. The classifying in- 
dices of the "latter kind are probably less valuable for com- 
parison of different wing sections than the kind formerly dis- 
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cussed. An inrorovement would be oTDtained by choosing the val- 
ues of certain coefficients at specified values of the lift 
coefficient. This, however, does not give a good comparison 
for judging the practical usefulness of the section. In all 
cases, the observation errors should be eliminated as far as 
possible* 

The superiority of the maxitmim coefficients was founded 
on the easier way of determining their value; the superiority 
of the values of fractions of Or lies in their direct 
application to practical problems. It is .desirable to com- 
bine those advantages. Such' improved indices could be ob- 
tained by averaging the values of certain coefficients in the 

neighborhood of certain fractions of the maximum lift coeffic- 

Ct, 

ients, so that the values nearer this specified Oj, = . .... gas 
would be given a larger "weight" in the summation. 

In this way variations of the exact magnitude of the max- 
imum lift coefficient would not result in serious changes of' 
the classifying indices. Such summation can be done in very 
different ways. Formula '(2) can be used for this end, giving 
€ .a smaller value than for mere elimination of the observa- 
tion errors, for instance, e = 2 or e = 3. 
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Conclusion 

The progress of heavier- than-air craft design is closely 
interlinked with, the improved determination of the aerody- 
namic properties of wing sections and with a most intelligent 
presentation of this information to the airplane designer. 
The use of classifying indices is helpful in the latter re- 
spect, but it is really helpful only if these indices are 
judiciously chosen and precisely determined. 
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